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In Caenorhabditis elegans, specialized contractile myoepithelial cells of the somatic gonad, the gonadal sheath cells, are
closely apposed to oocytes and are required for normal meiotic maturation and ovulation. Previously we found that
mutations in the ceh-18 gene, which encodes a POU-class homeoprotein expressed in sheath cells, result in oocyte defects.
To determine the basis for these oocyte defects, we have used time-lapse video Nomarski microscopy to observe meiotic
maturation, ovulation, and early embryogenesis in ceh-18 mutants. In ceh-18 mutants sheath cell contractions are weaker,
less frequent, and uncoordinated throughout the sequence of ovulation events, and ovulation is defective. Defective ovula-
tion can result in the formation of endomitotic oocytes in the gonad, the formation of haploid embryos, and reversals in
embryonic polarity. ceh-18 mutant oocytes exhibit defects prior to nuclear envelope breakdown, suggesting that they are
physiologically different from the wild type. We observed delays in meiotic maturation, as well as maturation out of the
normal spatial and temporal sequence, suggesting that proximal sheath cells directly or indirectly promote and spatially
restrict meiotic maturation. Analysis of sheath cell differentiation in ceh-18 mutants using antibodies to proteins of
the contractile apparatus reveals that although contractile proteins are expressed, the sheath cells appear disorganized.
Transmission electron microscopy reveals that ceh-18 mutant sheath cells are morphologically irregular and only loosely
cover oocytes. Taken together, these observations indicate that ceh-18 is a crucial determinant of sheath cell differentiation,
a function required for normal meiotic maturation and ovulation. q 1997 Academic Press
INTRODUCTION governing meiotic maturation and ovulation. For instance,
activation of the CDK1/cyclin B protein kinase is suf®cient
to trigger oocytes of many organisms to enter meiotic meta-During the late stages of oogenesis in many metazoans,
phase (for review see Nurse, 1994; King et al., 1994). Weoocytes undergo a physiological change, termed meiotic
have begun a genetic and molecular analysis of meiotic mat-maturation, as they exit meiotic prophase and enter meiotic
uration and ovulation in the free-living soil nematodemetaphase concomitant with nuclear envelope breakdown
Caenorhabditis elegans to elucidate conserved aspects of(Masui and Clarke, 1979). Meiotic maturation must be coor-
these processes. C. elegans provides an attractive systemdinated with ovulation for fertilization to occur. Given the
for studying meiotic maturation and ovulation because: (1)extensive biological similarities in the meiotic process be-
meiotic maturation and ovulation are directly observabletween distantly related organisms, it is likely that there will
using Nomarski microscopy in living animals (Ward andbe many common features in the molecular mechanisms
Carrel, 1979), (2) mutations affecting these processes can be
isolated (Greenstein et al., 1994; Iwasaki et al., 1996; Myers
et al., 1996), and (3) the complete physical map (Coulson et1 To whom correspondence should be addressed at Department
al., 1986) and genome sequence facilitate molecular analy-of Cell Biology, Vanderbilt University School of Medicine, U-2224
sis (Sulston et al., 1992).MCN, 21st and Garland, Nashville, TN 37232-2175. Fax: (615) 343-
4539. E-mail: david.greenstein@mcmail.vanderbilt.edu. The C. elegans adult hermaphrodite gonad consists of two
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FIG. 1. Representation of one of the two gonad arms of an adult hermaphrodite. (A) The germline. Mitotic germ cells are located near
the distal tip of the gonad arm. Meiotic germ cell nuclei in the pachytene stage of meiotic prophase I extend to the loop region. Oocytes
cellularize and grow in the proximal arm. The actual position at which oocytes begin to cellularize depends on the age of the animal.
Oocytes remain in the diakinesis stage of meiotic prophase I prior to undergoing meiotic maturation in the most proximal position. The
breakdown of the nuclear envelope, which signi®es the onset of maturation, is represented by dotted lines. Sperm enter the spermatheca
during the ®rst ovulation and become activated for fertilization (Ward and Carrel, 1979). Embryogenesis begins in the uterus. (B) Position
of sheath cells. One of each pair of sheath nuclei is indicated. Sheath cells 3±5 of the proximal gonad are visibly contractile and contain
thick and thin ®laments. Expression of myosin heavy chains is indicated by stippling. Sheath cells 1 and 2 express reduced amounts of
myosin heavy chains and are not visibly contractile. CEH-18 is found in all sheath cell nuclei and in the nucleus of the distal tip cell
(Greenstein et al., 1994).
U-shaped ovotestes, or gonad arms (see Fig. 1) (Hirsh et al., cell population by virtue of an inductive cell interaction medi-
ated by the GLP-1 signaling pathway (Hirsh et al., 1976; Kim-1976; for review see Clifford et al., 1994). The distal portion
of the gonad contains syncytial germline nuclei surrounded ble and White, 1981; Austin and Kimble, 1987; Crittenden et
al., 1994). As the germline nuclei progress more proximally,by incomplete membranes (Hirsh et al., 1976; each germline
nucleus and its associated cytoplasm are referred to as a germ away from the distal tip cell, they exit the mitotic cell cycle
and enter meiosis. Cytologically recognizable nuclei in thecell). Mitotic germline nuclei are found within approximately
25 nuclear diameters of a specialized somatic cell, the distal pachytene stage of meiotic prophase I are visible before the
loop (Hirsh et al., 1976). The germline nuclei undergo cellu-tip cell, that de®nes the axial polarity of the gonad (Kimble
and White, 1981). The distal tip cell maintains a mitotic germ larization within the proximal region of the gonad and differ-
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54(e190)I (Waterston et al., 1980), and ceh-18(mg57, mg58, andentiate as spermatocytes which complete meiosis to form ap-
mg61)X (Greenstein et al., 1994).proximately 160 sperm during the fourth larval stage of devel-
opment (Hirsh et al., 1976; Ward and Carrel, 1979). Upon
progression to the adult stage, the germ cells differentiate as
Videotaping and Analyzing Oocyte Maturationoocytes (Hirsh et al., 1976).
and OvulationFully grown oocytes remain in the diakinesis stage of
prophase I prior to undergoing meiotic maturation. Meiotic Young adult animals which had not previously ovulated were
anesthetized in 0.1% tricaine, 0.01% tetramisole in M9 (Sulstonmaturation coincides with contractions of specialized myo-
and Hodgkin, 1988) for 40 min and mounted on 2% agarose padsepithelial cells, sheath cell pairs 3±5, that cover the proxi-
in order to observe meiotic maturation, ovulation, and early em-mal gonad (see Fig. 1) (Hirsh et al., 1976; Kimble and Hirsh,
bryogenesis by time-lapse Nomarski microscopy as described1979; Strome, 1986). Sheath cell contractions drive ovula-
(Kirby et al., 1990; McCarter et al., 1997). Anesthetized animalstion: during ovulation, sheath cell contractions become
were mounted on a Zeiss Axiovert 135 or a Zeiss Axioskop bothmore frequent and intense, ultimately pulling the dilating
equipped with DIC optics and viewed with a Zeiss Plan-Apochro-
distal spermatheca over the mature oocyte (Ward and Car- mat 631/1.4 HDIC oil immersion lens. In order to minimize heat-
rel, 1979; J. McCarter et al., manuscript in preparation). The ing of the sample, low light levels were used and infrared ®lters
oocyte is fertilized as it enters the spermatheca (Ward and and neutral density ®lters were placed in the path of illumination.
Carrel, 1979). Following transfer to the uterus, the reductive We found that it was useful to underfocus the condenser since
overfocusing could result in compression of the sample. A Hitachiand equational meiotic divisions are completed and em-
CCD video camera (Model KP-M1) with video input to a Panasonicbryogenesis begins (Albertson, 1984).
S-VHS time-lapse video cassette recorder (Model AG-6730) wereMutations in the POU-homeobox gene ceh-18 cause sev-
used to prepare recordings in 24H mode (1/12 real time) onto Maxelleral germline phenotypes (Greenstein et al., 1994) similar
ST-126 broadcast quality videotape cassettes. Similar results wereto those induced by laser ablation of sheath cells or sheath
obtained using an integrating cooled-CCD camera (Optronix DEI-cell precursors (McCarter et al., 1997). These phenotypes
470T) to obtain recordings using less incident light than is needed
include formation of endomitotic oocytes in the gonad arm to view the sample through the eyepieces. Animals were recorded
(Emo phenotype; see also Iwasaki et al., 1996), embryonic for a duration of 3±5 h at room temperature (average 227C). Control
lethality, and reduced proliferation of germ cells. A proxi- experiments in which the recorded animal was recovered from the
mal shift in the pachytene zone similar to that caused by microscope slide and cultured indicated that viability and fertility
are retained under the conditions used. All defects reported in thisablation of sheath cell pair 1 was also noted (McCarter et
paper were also observed in animals that were viewed by Nomarskial., 1997). Sheath cell nuclei were occasionally small or
microscopy but not subjected to anesthetic treatment or video re-missing in ceh-18(mg57) (Greenstein et al., 1994). Antibody
cording, except the phenotype of abnormal movements in the oo-staining of wild-type animals indicated that CEH-18 was
cyte cytoplasm and abnormal sheath cell contractility which couldpresent in the nuclei of sheath cells and the distal tip cell,
not be assessed without video recording. The effects of defectivebut not spermathecal cells, oocytes, sperm, or germ cells
ovulation were readily visible in animals not subjected to anesthe-
(Greenstein et al., 1994). Previously, it was unclear whether tic treatment and video recording, however. To view meiotic matu-
ceh-18 directly affected sheath±oocyte communication or ration and ovulation for extended periods, adult animals were
was required to regulate biological processes needed for mounted individually on agar pads with a small amount of bacteria
sheath cell terminal differentiation. In this report we have for food. Remounting was necessary if the animal crawled too close
to the edge. The time course of ovulation was monitored for bothused time-lapse Nomarski videomicroscopy and cell biolog-
gonad arms. Images were directly captured from videotapes andical analyses to examine the function and differentiation of
imported into Adobe Photoshop 3.0. Brightness and contrast werethe gonadal sheath cells in ceh-18 mutants. These observa-
adjusted so that prints would match the original data as closely astions suggest that ceh-18 is required for proper sheath cell
possible.differentiation and function, and in turn, proper sheath cell
Following recording, the animals were stained with 4*,6-diamid-function is critical for meiotic maturation, ovulation, and
ino-2-phenylindole (DAPI; Boehringer Mannheim) (Church et al.,
embryogenesis. 1995) in whole-mount in order to score the Emo phenotype (Iwasaki
et al., 1996) by ¯uorescence microscopy. In some cases of polarity
reversal or haploid embryo formation, embryogenesis was followed
intermittently in multiple focal planes. Larvae hatching from polar-MATERIALS AND METHODS
ity-reversed embryos were recovered and cultured. The Results de-
scribe recordings of young adult hermaphrodites for N2 (n  25)Nematode Strains and Maintenance
and ceh-18(mg57) (n  91). In order to analyze the recordings, they
were viewed in normal 2H mode and deviations from the wild typeStandard methods for C. elegans culture were employed (Bren-
ner, 1974; Lewis and Fleming, 1995). Strains were cultured at 207C, were entered into a database (Filemaker Pro 3.0). In addition, we
prepared and viewed recordings from the hypomorphic alleles ceh-unless indicated otherwise. Standard C. elegans nomenclature is
used throughout (Horvitz et al., 1979). Double mutant strains were 18(mg61) (n  51) and ceh-18(mg58) (n  38). Similar defects were
observed in hypomorphic ceh-18 alleles, though they tended to beconstructed in a straightforward manner (Huang and Sternberg,
1995). less severe than for ceh-18(mg57), as previously reported
(Greenstein et al., 1994).The wild type refers to C. elegans var Bristol, strain N2, obtained
from the Caenorhabditis Genetics Center. The following C. eleg- In order to quantitate contractile activity of the proximal sheath
cells, the average contraction rate was counted directly from theans mutations were used: unc-89(e2338)I (Benian et al., 1996), unc-
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videotape for 1-min intervals, with the zero time point correspond- were then cultured for 3 h without acridine orange and then ana-
lyzed by immuno¯uorescence.ing to the completion of ovulation. We used the Cochran and Cox/
Satterthwaite procedure for a two-sample t test (Hinkle et al., 1988)
to test the null hypothesis that the mean proximal sheath contrac-
tile rate was the same for N2 and ceh-18(mg57). A plot of the t Transmission Electron Microscopy
statistic versus time indicated that t was greater than the critical
Gonads were dissected in 0.1 M sodium phosphate (pH 7.3) andvalue of 3.5 at every time point except those just after ovulation
®xed in 3% glutaraldehyde in the same buffer for 4 h on ice. After(t  0±3 min), thus the null hypothesis was rejected for all other
rinsing three times in sodium phosphate buffer, dissected gonadstime points (P  0.001).
were post®xed in 1% osmium tetroxide, dehydrated, and embeddedThe time course of ovulation in the wild type and ceh-18(mg57)
in epoxy resin (Embed 812; EMS, Ft. Washington, PA). Semithinwas evaluated by preparing synchronized cultures (Lewis and Flem-
sections of epoxy blocks were stained with toluidine blue and eval-ing, 1995) and monitoring ovulation by Nomarski microscopy at
uated by light microscopy to select areas for thin sectioning. Thin2-h intervals beginning 55 h after hatching. The number of gonad
sections were stained with uranyl acetate and lead citrate and ex-arms that had ovulated was scored in three separate experiments
amined in a Hitachi H-800 electron microscope. Two wild-typeby analyzing the number, stages, and placement of eggs in the
and three ceh-18(mg57) mutant gonads were analyzed.uterus. At early time points, we were able to deduce whether the
anterior or posterior arm ovulated ®rst, by scoring the stage and
placement of eggs in the uterus.
RESULTS
Fixation of Dissected Gonads and Antibody Abnormal Meiotic Maturation and Ovulation in
Staining ceh-18 Mutants
L4 animals were selected en masse from NGM plates and grown Oocyte maturation in the wild type. Late in wild-type
overnight (12±16 h) prior to dissecting out gonads (Kimble and oogenesis, the prominent nucleolus becomes less distinct,
Sharrock, 1983). Young adult animals were picked onto an un-
becoming unobservable at approximately 1 h prior to ovula-seeded NGM plate and suspended in 11 PBS (Sambrook et al., 1989)
tion [mean  74.1 { 21.7 min (n  9)], correlating well withand placed in a watch glass. Following removal of most of the 11
the reduced transcription of ribosomal RNA genes that hasPBS, the worms were resuspended in 0.5 ml of 90 mM NaCl, 50
been observed as oocytes enter diakinesis (Stark et al., 1983;mM KCl, 10% fetal bovine serum, 0.5 mg/ml gentamycin, 0.1%
tricaine, and 0.01% tetramisole, and the gonads were extruded by G. Seydoux, pers. comm.). During meiotic maturation, the
cutting behind the posterior bulb of the pharynx using 25-gauge nuclear envelope begins to break down approximately 5 min
needles. We found that inclusion of fetal bovine serum resulted in prior to ovulation [mean  5.2 { 1.2 min (n  39)] (compare
reproducible staining such that every gonad stained with similar Figs. 2A and 2B). During the process of maturation, the
intensity. Dissected gonads were transferred to 61 50-mm borosili- oocyte undergoes a radical shape change, termed cortical
cate glass tubes, recovered by centrifugation at 1000 rpm in an IEC rearrangement (J. McCarter et al., manuscript in prepara-
clinical centrifuge for 2 min. Gonads were ®xed in 3% paraformal-
tion), with the edges becoming rounder, probably due todehyde in 11 PBS/0.1% Tween 20 (PBT) for 2 h at room tempera-
extensive alterations in the cytoskeleton.ture. Following ®xation, gonads were washed once in PBT and post-
Maturation of the oocyte coincides with contractions of®xed in 0207C methanol for 5 min. Methanol was kept at 0207C
specialized myoepithelial cells, gonadal sheath cell pairs 3±over molecular sieves (4±8 mesh; Sigma). Following three washes
with PBT, gonads were incubated for 10 min in PBT containing 5 of the proximal gonad, that form a thin layer between the
bovine serum albumin (1 mg/ml) followed by incubation overnight gonadal basal lamina and the oocytes (Figs. 1 and 2). As
at 47C with primary antibodies. For indirect/direct detection of nuclear envelope breakdown approaches, the gonadal
myosin heavy chain A (MHCA) and MHCB, dissected gonads were sheath cell contractions increase (see Fig. 3), peaking in in-
®rst reacted with anti-MHCA monoclonal antibody 5.6. (1:50) (gift tensity and frequency at the time of ovulation (16 contrac-
from David Miller). Following three washes with PBT, TRITC- tions/min). During ovulation, the proximal sheath cells ap-
conjugated goat anti-mouse IgG (Chemicon) was added for 2 h at
pear to pull the dilating distal spermatheca over the oocyte.room temperature. Following PBT washes as above, the gonads
Fertilization occurs as the oocyte enters the spermathecawere blocked with mouse IgG (0.25 mg/ml) (Chemicon) and incu-
and contacts activated sperm (Ward and Carrel, 1979).bated with FITC-conjugated monoclonal antibody 5.8 (1:1000)
Defective ovulation in ceh-18 mutants. In order to de-against MHCB (gift from David Miller). UNC-89 and MHCA were
shown to colocalize using rabbit af®nity-puri®ed anti-UNC-89 an- termine the effect of ceh-18 mutations on meiotic matura-
tibody EU30 (Benian et al., 1996) (1:50). No staining was observed tion and ovulation, we recorded the ®rst ovulations in
in the gonads of unc-89(e2338) animals. Rhodamine phalloidin young adult animals. Of the 91 gonad arms recorded for the
(Molecular Probes) was used to detect actin micro®laments in the strong loss-of-function allele, ceh-18(mg57), 62 gonad arms
gonad as described by Strome (1986) with modi®cations (McCarter exhibited meiotic maturation within 3±5 h of recording
et al., 1997). Rat polyclonal antibodies against the yolk proteins (Table 1). In gonad arms in which meiotic maturation oc-
YP88, YP115, and YP170 (Sharrock, 1983, 1984) were a gift from
curred, the oocyte nucleolus became unobservable approxi-Peg McMorris. Acridine orange staining was used to evaluate germ
mately 109{ 68 min (n 15) prior to ovulation, not signi®-cell apoptosis and engulfment of corpses (T. L. Gumienny, E. J.
cantly different from the wild type. In contrast, ovulationLambie, and M. O. Hengartner, pers. comm.). L4-stage hermaphro-
was not recorded in 32% (29/91) of the recorded gonad arms.dites were picked en masse and cultured for 24 and 48 h prior to
staining in acridine orange (50 mg/ml) in water for 2 h. The worms In these cases, the nucleolus typically became unobserv-
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8728 / 6x30$$$282 11-18-97 14:39:40 dbal
63ceh-18 Affects Sheath Differentiation
FIG. 2. Defects in oocyte development and ovulation in ceh-18 mutants. Images from time-lapse Nomarski video microscopic observations
of meiotic maturation and ovulation in the wild type (A±D) and in ceh-18(mg57) (E±H). The oocyte enters the spermatheca in (C) and (G).
Real time (min:s) is indicated in the lower right corner, with the zero time point corresponding to the time ovulation was completed. An
oocyte (o), the oocyte nuclear envelope (ne), the sheath (sh), a sperm (s), a residual body (rb), and the spermatheca (sp) are indicated. The nuclear
envelope of the most proximal oocyte is visible in (A) and (E), but has begun or completed nuclear envelope breakdown in the rest of the
panels. The arrows in (E) and (F) indicate an agranular region of cytoplasmic streaming. A large (1.7-mm) refractile granule is indicated by an
arrowhead. Note that the oocyte in ceh-18(mg57) is distorted during ovulation (G) and is chopped in two by the distal spermatheca at the end
of ovulation (H). Arrows in (H) indicate the two pieces of the oocyte that were generated by contraction of the distal spermatheca. In this and
all subsequent ®gures, the distal direction is to the left and the proximal direction is to the right. The scale bar in (H) corresponds to 10 mm.
able, but nuclear envelope breakdown and cortical rear- in ceh-18(mg57) animals mounted in the absence of anes-
thetic and found that 25% of gonad arms observed (n  36)rangement did not occur and no ovulation followed within
3 h. This observation suggests that meiotic maturation can displayed delays in meiotic maturation and ovulation. In
addition, we compared the time course of ovulation in ceh-be delayed by mutations in ceh-18. In agreement with this
hypothesis, we observed these events for extended periods 18(mg57) and the wild type and found that ovulation was
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delayed in ceh-18(mg57) relative to the wild type (Fig. 3A).
In fact, we observed a signi®cant proportion of ceh-
18(mg57) animals (19%) that had ovulated only from one
gonad arm at times when all the gonad arms had ovulated
in the wild type (65 h posthatch). The anterior and posterior
gonad arms were equally likely to be delayed in ovulation
at these late times. Finally, we noticed that the anterior
gonad arm generally ovulates ®rst in the wild type (54/56
cases in which the arm that ovulated ®rst could be scored),
whereas in ceh-18(mg57) animals, the anterior gonad arm
ovulated ®rst in only 51/100 cases. This difference between
ceh-18 mutants and wild-type animals appears to re¯ect a
delay in overall ovulation because the posterior arm of the
gonad does not ovulate sooner in ceh-18 mutants. Taken
together, these observations suggest that mutations in ceh-
18 can result in delays in meiotic maturation and ovulation. FIG. 3. Comparison of ovulation in the wild type and ceh-
Recently, McCarter et al. (1997) reported that laser ablation 18(mg57). (A) Time course of ovulation in the wild type and ceh-
18(mg57). The percentage of gonad arms that had ovulated is plot-of sheath pairs 4 and 5 often led to delays in meiotic matura-
ted for N2 (®lled squares) and ceh-18(mg57) (open squares) at thetion. These observations support a role for the proximal
indicated times posthatch. (B) Quantitation of gonadal sheath con-sheath in modulating meiotic maturation.
tractile activity. The average rate of the proximal sheath contrac-When meiotic maturation occurred in ceh-18 mutants, it
tions was measured directly from time-lapse video recordings ofwas generally followed by ovulation approximately 5.8 {
the wild type (triangles, n  36) and ceh-18(mg57) (squares, n 
1.7 min later (n  78). However, ovulation was typically 69). The timing of nuclear envelope breakdown is indicated (NEB).
abnormal. In 69% of ovulations in ceh-18(mg57), the entry
of the oocyte into the spermatheca was defective (Table 2).
In the most extreme cases, the spermatheca was not dilated
or pulled over the oocyte, causing the oocyte to remain sheath cells to pull the spermatheca over the oocyte and a
unfertilized in the proximal arm of the gonad (oviduct). In defect in sheath cell contractility (see below) are both ob-
these cases (4/62 gonad arms with meiotic maturation), the served and may contribute to cytoplast extrusion during
oocyte became endomitotic, undergoing multiple rounds of ovulation. In addition, abnormalities in sheath cell shape
nuclear envelope breakdown, nuclear reformation without and relative position (see below) may result in abnormal
karyokinesis or cytokinesis, and intervening S phases. As a forces on the oocyte which could contribute to the oocyte
result, the oocyte became highly polyploid, as shown by breaking apart during ovulation. Cytoplast extrusion during
DAPI staining of the recorded animal. The Emo phenotype ovulation appears to explain a portion of the maternal effect
was observed only in oocytes that matured but were not embryonic lethality observed in ceh-18 mutants. Instances
ovulated properly (Table 1). We observed the Emo pheno- in which the cytoplast was large (10% of the oocyte vol-
type only in oocytes that had undergone nuclear envelope ume) invariably resulted in embryonic arrest. Extrusion of
breakdown. Defective ovulations also occurred in animals small cytoplasts could result in viable or inviable embryos,
that did not produce endomitotic oocytes (Table 2). We were perhaps depending on the nature of the extruded material
unable to detect polar body formation by endomitotic oo- or the resulting physical damage to the oocyte. In some
cytes using Nomarski microscopy or DAPI staining of the cases, the distal spermatheca dilated, but appeared not to
recorded animals. One possibility is that endomitotic oo- be fully expanded and pulled over the oocyte normally.
cytes do not complete either of the meiotic divisions. How- Rather, the oocyte was pushed through the opening, after a
ever, we cannot at present rule out the possibility that polar delay, without the normal pulling motion. In these cases,
bodies form but are not observed by the methods utilized. the oocyte appeared to speed up as it ®nally entered the
For instance, polar bodies might form but then fuse with distal spermatheca. This observation suggests that during
the endomitotic oocyte, or they might simply be obscured normal ovulation, the sheath cells pull the spermatheca
by adjacent nuclei. over the oocyte in a manner that reduces the opposing forces
In many cases, the oocyte entered the spermatheca in a on the oocyte generated by the contracting sheath cells and
defective manner. In some cases, the dilating spermatheca the distal spermatheca.
was pulled over the oocyte in an asymmetric or uncoordi-
nated manner, with only one member of a sheath pair ap-
pearing to pull. In 27% of cases a defect in spermathecal Abnormal Sheath Function in ceh-18 Mutants
entry resulted in a cytoplast being extruded or pinched off
from the oocyte by closure of the distal spermatheca (Fig. Direct observation of the consequences of abnormal ovu-
lation in ceh-18 mutants prompted us to conduct a detailed2, Table 2). The size of the cytoplast depended on the posi-
tion of the spermathecal opening with respect to the oocyte analysis of sheath cell contractions (Fig. 3B, Table 3). Ap-
proximately 80% of gonad arms in ceh-18(mg57) animalsat the point that it closed. A defect in the ability of the
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FIG. 3ÐContinued
exhibited some defect in sheath cell contractility (Table the formation of endomitotic oocytes with the concomitant
formation of haploid embryos. In these cases (4/62 gonad3). The sheath cell contractions in ceh-18 mutants were
arms with meiotic maturation), the oocyte broke in twonoticeably weaker than in the wild type as judged by the
during ovulation but the nucleus remained in the oocytedisplacement of the sheath, attached gonadal basement
fragment that was retained in the gonad arm (Fig. 4). Inmembrane, and oocytes during contractions. On average,
these instances, the gonadal oocyte fragment underwentceh-18(mg57) animals exhibited a lower basal contraction
multiple rounds of nuclear envelope breakdown, and DAPIrate, a lower peak rate during ovulation, and a longer period
staining of the recorded animal showed that the endomi-of recovery following ovulations (Fig. 3B, Table 3). We used
totic nucleus was highly polyploid (Fig. 4D). In contrast,a two-sample t test (see Materials and Methods) to ascertain
the anucleate fragment was fertilized, an eggshell formed,whether the mean contractile rates were signi®cantly differ-
and only a single nucleus, presumably the sperm pronu-ent between the wild type and ceh-18(mg57) at each individ-
cleus, was seen in the egg (Fig. 4B). Embryos formed inual time point. This analysis indicated that the mean sheath
this way exhibited a reduced intensity of DAPI staining percontractile rates were signi®cantly different at each time
nucleus compared to diploid embryos, further suggestingpoint (P  0.001), except just after ovulation (t  0±3 min).
that they were haploid (Fig. 4D). In these haploid embryos,These observations suggest that dysfunction of the proxi-
pseudocleavage occurred, the single nucleus migrated to themal sheath cells in ceh-18 mutants is suf®cient to explain
center of the egg, and the ®rst cleavage was asymmetric asthe associated defects in ovulation and embryogenesis. In
in the wild type with the position of the sperm pronucleusconjunction with previous results that show that ceh-18 is
corresponding to the posterior pole. The extent of embry-expressed in sheath cells, but not oocytes (Greenstein et al.,
onic development correlated with the size of the oocyte1994), these results support the hypothesis that dysfunction
fragment fertilized. In two cases, the early cleavages wereof the proximal sheath cells represents the primary defect
followed and appeared to be normal; however, the embryosin ceh-18 mutants.
never underwent morphogenesis. These results from ceh-18
mutants suggest that fertilization, pseudocleavage, sperm
Defects in Embryogenesis in ceh-18 Mutants pronuclear migration, determination of anteroposterior (A/
Formationofhaploidembryosinceh-18mutants. Defec- P) polarity, and the reproducible pattern of early cleavages
do not depend on the female pronucleus.tive ovulation in ceh-18 mutants occasionally resulted in
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TABLE 1
Origin of Endomitotic Oocytes in ceh-18 Mutants
Summary of recordings Wild type ceh-18(mg57)a
Gonad arms recordedb 25 91
I. No oocyte maturation recorded 1 (4%)c 29 (32%)c
Emo gonad armsd 0 0
II. Oocyte maturation occurred 24 (96%)c 62 (68%)c
Emo gonad arms 0 (0%)e 15 (24%)e
Breakdown of Emo gonad arms
A. Oocyte matured but was not ovulated 0 11
1. Oocytes mature out of order in misshapen gonad arms 0 7
2. Ovulation failedf 0 4
B. Ovulation occurred but the oocyte fragment containing the nucleus remained in the gonad arm 0 4
a Qualitatively similar phenotypes were observed in ceh-18(mg61) and ceh-18(mg58).
b The ®rst few ovulations were recorded using time-lapse video Nomarski microscopy of anesthetized young adult animals in order to
observe the formation of endomitotic oocytes. Animals were typically recorded for at least 3 h.
c Percentage of recorded worms.
d Recorded gonad arms were scored for the presence of highly polyploid oocytes based on DAPI staining of the recorded worm and
repeated rounds of nuclear envelope breakdown based on viewing the recordings.
e Percentage of gonad arms in which oocyte maturation occurred.
f Germline events appeared normal. The spermatheca is not dilated or pulled over the oocyte.
Reversal of embryonic polarity in ceh-18 mutants. The Hird (1996) found that it is the position of sperm entry
that speci®es the A/P axis. In these experiments, wild-typeanalysis presented above indicates that defective ovulation
in ceh-18 mutants frequently causes the oocyte to enter the males were mated to females, which are hermaphrodites
that lack sperm (Kimble et al., 1984), apparently causingspermatheca in an abnormal manner. In the wild type, the
oocyte appears to be fertilized in a reproducible way such oocytes to enter the spermatheca at twice the normal rate.
Under these conditions, the position of sperm entry can bethat the sperm enters nearer the proximal edge of the oocyte
as it moves into the spermatheca. Recently, Goldstein and altered, changing the normal orientation of the A/P axis.
TABLE 2
Ovulation Defects in ceh-18 Mutants
Phenotypesa Wild type ceh-18(mg57)b
Spermathecal entry abnormalc 0/43 (0%) 61/88 (69%)
Cytoplast extrusiond 0/43 (0%) 23/86 (27%)
Polarity reversale 1/38 (3%) f 16/70 (23%)g,h
a Ovulation defective phenotypes per ovulation analyzed.
b Defects were also seen in ceh-18(mg61) and ceh-18(mg58).
c The entry of the oocyte into the spermatheca was judged abnormal if the spermatheca was pulled over the oocyte differently from the
wild type or if the oocyte was distorted during ovulation.
d A piece of the oocyte was chopped off by the distal spermatheca during ovulation. Only cases in which the oocyte entered the
spermatheca were considered.
e The A/P axis of the embryo was reversed from the normal situation. In these cases the AB blastomere was farther from the proximal
arm of the gonad than P1, but divided ®rst as in the wild type. The male pronucleus was ®rst seen in the distal portion of the oocyte and
migrated to the center with the female pronucleus, or the female pronucleus migrated in the distal direction to meet the male pronucleus
as shown in Fig. 6.
f We occasionally observed polarity reversals in unrecorded animals of the wild type as deduced from DAPI staining of ®xed embryos
(data not shown).
g Reversal of embryonic polarity is likely to result from defects in ovulation and is not an artifact of the mounting and recording
conditions used, because reversed polarity embryos at the 1- or 2-cell stage could be observed in the uteri of animals not subjected to
these conditions.
h Three reversed embryos were monitored intermittently by Nomarski microscopy and found to undergo embryogenesis normally. These
embryos hatched and grew into fertile adults.
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TABLE 3
Defects in Proximal Sheath Contractile Activity in ceh-18 Mutants
Phenotypes Wild typea ceh-18(mg57)a
Sheath contractile activity abnormalb 1/25 (4%) 76/90 (84%)
Weak contractionsc 0/25 (0%) 70/90 (78%)
Low basal contraction rated 0/22 (0%) 7/52 (13%)
Low peak contraction ratee 0/22 (0%) 25/50 (50%)
Slow recoveryf 1/21 (5%) 24/39 (62%)
a Percentage of defective phenotypes on a per gonad basis for the recorded animals summarized in Table 1. The sample sizes are different
because it was not always possible to score every phenotype. For example, if embryonic events were being monitored, a continuous
recording of sheath contractions was not available.
b Sheath cells were judged as exhibiting abnormal contractility if they exhibited weak contractions, a low basal contraction rate, a low
peak rate, or slow recovery.
c Contractions were judged as being weak if the displacement of the sheath, attached gonadal basement membrane, and oocytes during
contractions was markedly less than that observed for the wild type.
d The basal contraction rate was judged low if it was fewer than 2 contractions per minute.
e The peak contraction rate during ovulation was judged low if it was fewer than 10 contractions per minute.
f Recovery of the sheath cells following an ovulation was judged slow if the basal contraction rate was fewer than 2 contractions per
minute at 25±30 min postovulation.
Development was otherwise normal, indicating that the C. spatially restricted, with the most proximal oocyte al-
elegans oocyte does not contain a prespeci®ed A/P axis. ways undergoing maturation ®rst. In ceh-18 mutants, this
Analysis of ovulation and early embryogenesis in ceh-18 rule can be broken and oocytes mature out of order (7/
mutants provides additional support for this hypothesis. We 62 gonad arms with meiotic maturationÐsee Table 1).
observed reversal of polarity of the A/P axis in 23% of ovula- Ectopic meiotic maturation always correlates with a situ-
tions in ceh-18(mg57) animals (Table 2, Fig. 5), compared ation in which the oocytes no longer form a single row
to 1 case in the wild type (3%). In 14/16 cases of polarity in the proximal half of the gonad arm (see Fig. 6). Possibly
reversal, the entry of the oocyte into the spermatheca was a defect in the sheath permits oocytes to adopt abnormal
abnormal or the oocyte was distorted. Polarity could be positions in the gonad. In these cases, an oocyte in a more
reversed in two ways: in the ®rst, the pronuclei appeared distal position can undergo maturation ®rst (Fig. 6). This
on opposite sides of the embryo (Fig. 5D); in the second, distal maturing oocyte is not in position to be ovulated
both pronuclei appeared on the distal portion of the egg and remains in the gonad, eventually becoming highly
(data not shown). In three cases of reversed polarity, em- polyploid due to endomitosis (Fig. 6E). Typically, matura-
bryogenesis was monitored by Nomarski microscopy and tion of an oocyte in a more distal position is soon followed
found to be normal. The newly hatched larvae were cultured by the maturation of the most proximal oocyte (Fig. 6). It
and grew into fertile adults in agreement with the results is not possible to completely rule out the possibility that
of Goldstein and Hird (1996). germ cells switch places in these misshapen gonads such
that older oocytes move to more distal positions. How-
ever, in cases like that shown in Fig. 6, the two oocytes
Defects in Meiotic Maturation and Oocyte undergo maturation within a short time period (5 min).
Development in ceh-18 Mutants One possibility is that in these misshapen gonad arms, a
distal oocyte receives a maturation signal that is normallyEctopic meiotic maturation in ceh-18 mutants. In the
reserved for the most proximal oocyte. Alternatively, thewild type, meiotic maturation is spatially restricted such
distal oocyte could fail to receive an inhibitory signal.that only the oocyte in the most proximal position under-
Endomitotic oocytes do not always remain in the gonadgoes maturation and ovulation (see Figs. 1 and 2). The
arm because subsequent ovulations can cause them to enteroocyte in the most proximal position is the most fully
the spermatheca and uterus. Endomitotic oocytes that aregrown and likely to have been in diakinesis stage of mei-
eventually ovulated never undergo embryogenesis. Whenotic prophase I for the longest period of time. Time spent
ovulation occurs in disorganized gonad arms, oocytes whichin the gonad by itself seems to be an insuf®cient explana-
have not undergone maturation can be ovulated if they aretion for the spatial control of meiotic maturation, because
juxtaposed to the spermatheca. In ceh-18 mutants, imma-in the gonads of females, oocytes accumulate in a late
ture oocytes that are ovulated never form zygotes and even-stage of diakinesis without a nucleolus and remain in the
tually lyse. We cannot determine whether these immaturegonad for prolonged periods (Doniach and Hodgkin, 1984;
oocytes are fertilized. However, the nuclear envelope per-Kimble et al., 1984). In females, meiotic maturation oc-
curs at a low rate. Nevertheless, meiotic maturation is sists following passage into the spermatheca, no eggshell
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forms, and no embryonic events ensue. Immature oocytes
that are ovulated do not become endomitotic (as scored by
nuclear envelope breakdown and reappearance) in the sper-
matheca or uterus, suggesting that late events in oocyte
development, possibly maturation, are required for the oo-
cyte to survive ovulation or for the execution of subsequent
events.
Oocyte defects prior to meiotic maturation in ceh-18 mu-
tants. We observed three defects in ceh-18 mutant oocytes
prior to nuclear envelope breakdown: (1) the presence of large
granules in the cytoplasm (65% of gonad arms), (2) abnormal
activity in the oocyte cytoplasm (cytoplasmic streamingÐ
54% of gonad arms), and (3) mispositioning of the oocyte
nucleus such that it was off-center ventrally or dorsally (17%)
(see Fig. 2 and Table 4). Similar oocyte defects have been
observed in emo-1(oz1) mutants (Iwasaki et al., 1996).
The cytoplasm of wild-type oocytes has a ®ne granular
appearance possibly due to the accumulation of yolk lipo-
protein particles produced by the intestine (Kimble and
Sharrock, 1983) and transported into oocytes. The oocyte
cytoplasmic granules in the wild type were rarely larger
than 1 mm in diameter (Fig. 2, Table 4). By contrast, ceh-18
mutant oocytes frequently contained large refractile gran-
ules greater than 1 mm in diameter (Fig. 2, Table 4). The
presence of large refractile granules suggests that ceh-18
mutant oocytes are physiologically different from the wild
type. In order to test whether the large refractile granules
observed in ceh-18 mutants corresponded to accumulations
of yolk proteins, we used antibodies speci®c for the yolk
proteins YP88, YP115, and YP170 to stain oocytes from the
wild type and the ceh-18 mutants. We observed that the
most proximal three oocytes were most active in accumu-
lating yolk proteins in the wild type and ceh-18(mg57) and
that there were no major differences in yolk protein staining
(data not shown). Therefore, at present, the composition of
the large refractile granules remains unknown.
Abnormal movements in the cytoplasm were frequently
observed within ceh-18 mutant oocytes. Agranular regions
in the proximal portion of the oocyte were seen to stream
independently from the remainder of the cytoplasm (see
Figs. 2E and 2F). Outside these abnormal regions, oocyte
granules exhibited Brownian motion. These abnormal re-
gions of cytoplasmic discontinuity frequently grew in size
to encompass most of the proximal portion of the oocyteFIG. 4. Formation of haploid embryos in ceh-18 mutants. (A±C)
(Fig. 2). We noticed that the oocyte nucleus was misposi-Images from time-lapse Nomarski video microscopic observations
tioned just prior to maturation at low penetrance in ceh-18of haploid embryo formation in ceh-18(mg57) following defective
mutants (Table 4).ovulation. (A) The most proximal oocyte prior to meiotic matura-
tion. The arrow indicates the oocyte nucleus prior to nuclear enve-
Abnormal Sheath Cell Differentiation in ceh-18lope breakdown. (B) Sperm pronuclear reformation in a haploid
Mutantsembryo. The sperm pronucleus (indicated by an arrowhead) mi-
grates to the center of the egg just prior to setting up the ®rst The observation that the proximal sheath cells are dys-
mitotic spindle. Three observations suggest that the anucleate frag- functional in ceh-18 mutants led us to examine sheath cell
ment is indeed fertilized and the single nucleus observed in the
egg is the sperm pronucleus: (1) an eggshell forms, (2) the nucleus
remains anchored at the posterior pole and only migrates to the
center as the pseudocleavage furrow regresses, and (3) a centrosome totic nucleus (arrowhead) in the gonad and the haploid embryo in
is found in the egg. (C) Reformation of the oocyte nucleus in the the uterus (single arrow). Note that the nuclei in the haploid em-
oocyte fragment that is retained in the proximal arm. The oocyte bryo stain less intensely than those in the diploid embryo to the
nucleus is indicated by an arrow. (D) Formation of an endomitotic right (double arrows). Real time (min:s) is indicated and the scale
oocyte. DAPI staining of the recorded worm showing the endomi- bar corresponds to 10 mm.
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FIG. 5. Reversal of A/P polarity in ceh-18 mutants. Images from time-lapse Nomarski video microscopic observations of 1-cell embryos
showing normal A/P polarity in (A±C) and reversed polarity in ceh-18(mg57) (D±F). (A and D) Migration of the female pronucleus toward
the male pronucleus. (B and E) Pronuclear meeting in the posterior of the egg. (C and F) First cleavage generating the anterior blastomere,
AB, and the posterior blastomere, P1. The images in (A±C) were recorded in an unc-54(e190) hermaphrodite and were chosen because of
their clarity; all events in the 1-cell embryo occurred normally. The arrows in (A) and (D) indicate the opposite directions in which the
respective female pronuclei migrated. The scale bar corresponds to 10 mm. It is currently unclear how the female pronucleus ends up in
the proximal end of the egg.
differentiation using antibodies to proteins of the contrac- not shown). MHCA and MHCB are restricted to elongated
patches of staining that are likely to correspond to paralleltile apparatus. This analysis indicates that the proximal
sheath cells are disorganized in ceh-18 mutants. The myo- arrays of thick ®laments (see Fig. 8 below). The differential
localization of MHCA and MHCB within these arrays isepithelial sheath cell pairs 3±5 of the proximal gonad con-
tain thick and thin ®laments and express actin and myosin consistent with this interpretation. As shown in Figs. 7J
and 7K, each of these myosin ®lament bundles contains a(Hirsh et al., 1979; Strome, 1986). Consequently, contrac-
tion of the proximal sheath cells is thought to be an actomy- central MHCA-containing region that is ¯anked by MHCB
staining. The ®lament bundles are arranged both longitudi-osin-dependent process (Hirsh et al., 1976; Strome, 1986).
Strong support for this hypothesis has come from the obser- nally and circumferentially so that the sheath can become
foreshortened (to pull the dilating spermatheca over thevation that a temperature-sensitive mutation in the mup-2
gene, which encodes a C. elegans troponin T homologue, proximal oocyte) or can squeeze the most proximal oocytes
(to keep them in order or reshape them). Parallel arrays ofeliminates sheath cell contractions at the restrictive tem-
perature (Myers et al., 1996). We therefore analyzed the ®lament bundles demarcate clearly de®ned gaps (1±3 mm)
between the myosin staining of adjacent sheath cells. Elec-expression of the myosin heavy chain isoforms MHCA
(myo-3 gene product) (Miller et al., 1986) and MHCB (unc- tron microscopic analysis suggests that these gap regions
are likely to correspond to regions within the sheath cell54 gene product) (Epstein et al., 1974) in the wild type and
the ceh-18 mutant gonads (Fig. 7). that do not contain myosin because the proximal sheath
cells completely cover the gonad arm (D.H., V.W., L.H.,In the wild type, we ®nd that MHCA and MHCB are
abundantly expressed by gonadal sheath cells 3, 4, and 5 K.R., and D.G., manuscript in preparation).
Sheath cells may represent an invertebrate form ofand more weakly by sheath cells 1 and 2 (Fig. 7 and data
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TABLE 4
Oocyte Defects in ceh-18 Mutants
Phenotypesa Wild type ceh-18(mg57)b
Large refractile granules in oocytesc 0/25 (0%)d 59/91 (65%)d
Cytoplasmic streaminge 0/25 (0%)d 49/91 (54%)d
Dorsal/ventral mispositioning of the oocyte nucleusf 1/43 (2%)g 19/115 (17%)g
a Phenotypes scored prior to nuclear envelope breakdown, ruling out the possibility that they were a consequence of the formation of
endomitotic oocytes.
b Qualitatively similar phenotypes were observed in ceh-18(mg61) and ceh-18(mg58).
c Oocytes in ceh-18 mutants often contained birefringent granules 1±3 mm in diameter. Oocytes were judged abnormal if they contained
10 or more of these granules. In cases in which oocytes lysed following ovulation, the granules were seen to leak out of the oocyte,
retaining their integrity, suggesting that they were composed of aggregates of insoluble material.
d Percentage of defective phenotypes on a per gonad basis.
e Abnormal movements were observed within agranular regions of the oocyte cytoplasm within the proximal portion of the oocyte.
This phenotype did not depend on meiotic maturation and was scored more than 5 min prior to nuclear envelope breakdown for cases
in which maturation occurred. We were not able to evaluate this phenotype in animals that were not subjected to time-lapse Nomarski
video microscopy.
f The position of the oocyte nucleus was measured 5 min prior to nuclear envelope breakdown. The nucleus was judged as being
mispositioned if it was within 2 mm of the dorsal or ventral edge of the oocyte.
g Percentage of defective phenotypes on a per oocyte basis.
smooth muscle and have a very different sarcomeric organi- for the wild type and for ceh-18(mg57) alone. Antibody
staining of ceh-18(mg57); unc-54(e190) gonads with anti-zation from that of striated body wall muscle cells. Despite
these differences, MHCA and MHCB appear to be arranged bodies against MHCA indicated that sheath cell disorgani-
zation persisted and was not ameliorated, suggesting thatsimilarly in the thick ®laments of body wall muscle cells
(Miller et al., 1983). Additional support for the hypothesis strong contractions are not required for the sheath cells to
become disorganized (Fig. 7). As a further control, wethat thick ®laments in sheath cells and body wall muscle
cells may have a similar organization comes from analysis stained unc-54(e190) gonads with antibodies against MHCA
and found that the distribution of MHCA is expanded inof the expression of the unc-89 gene product which colocal-
izes with MHCA in body wall muscles (Benian et al., 1996) the absence of MHCB so that the myosin ®lament bundles
retain their integrity (Fig. 7), as was found to be the caseand in sheath cells (data not shown).
In ceh-18 mutants, we ®nd that both MHCA and MHCB for body wall muscles (Epstein et al., 1986). As an additional
test of whether the sheath cells in ceh-18 mutants becomeare expressed by the gonadal sheath cells, with a relative
arrangement similar to that of the wild type. However, in disorganized due to their own contractions, we analyzed
sheath cell morphology during the L4 stage, prior to theceh-18 mutants the sheath cells appear disorganized in their
shapes and relative arrangements (42/43 gonads stained for time the cells are visibly contractile. This analysis reveals
that the sheath cells appear to be disorganized as early asMHCA were scored as abnormal for ceh-18(mg57) com-
pared to 0/56 gonads for the wild type). In many cases, the we can visualize their myo®lament lattices.
gaps between the myosin staining of adjacent sheath cells
are smaller and not well de®ned (Fig. 7). In addition, wisps
Electron Microscopy of ceh-18 Mutant Sheath Cellsof myosin staining were observed to project haphazardly
into the border regions (Figs. 7J and 7K). In other cases, the Electron microscopy reveals that ceh-18 mutant sheath
cells are disorganized at an ultrastructural level. Dissectedsheath cells are distended and there are larger gaps in the
myo®lament coverage of the gonad compared to the wild gonads of the wild type (n  2) and ceh-18(mg57) (n  3)
were analyzed by transmission electron microscopy (Fig. 8).type (data not shown). A similar conclusion was reached
for ceh-18(mg57) mutants using rhodamine±phalloidin to All three ceh-18 mutant animals analyzed exhibited defects
that could be observed by electron microscopy. In the wildstain actin micro®laments (data not shown).
To test whether the sheath cells in ceh-18 mutants be- type, the sheath cells are closely apposed to oocytes (Fig.
8A). The sheath cells directly contact oocytes in most placescome disorganized as a consequence of their own contrac-
tions, we analyzed sheath cell morphology in ceh-18(mg57); or are separated by only small distances (0.2 mm) in others.
By contrast, in ceh-18(mg57), the sheath cells only looselyunc-54(e190) double mutants. unc-54(e190) is a null muta-
tion in the gene encoding MHCB (Epstein et al., 1974; Dibb cover the oocytes such that there are large spaces (2 mm)
between them (Fig. 8B). This loose coverage of oocytes byet al., 1985). Time-lapse video analysis of meiotic matura-
tion and ovulation in unc-54(e190) mutants (n  4) and in sheath cells may help explain the potential of oocytes to be
distributed abnormally in the mutant gonads such that theyceh-18(mg57); unc-54(e190) double mutants (n  4) indi-
cated that the sheath cell contractions were weaker than no longer form a single row in the proximal arm. In addition,
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ceh-18(mg57) sheath cells appear less regular than the wild both sheath cell differentiation and function. At present,
our data do not distinguish between these two models.type. Cellular debris is observed within the germline of ceh-
18(mg57) animals, but not the wild type. Several observa- We speculate that ceh-18 functions in concert with
other transcription factors to promote sheath differentia-tions suggest that this debris is likely to be generated when
pieces of oocytes break off during defective ovulation (see tion and function. In this regard, the function of ceh-18
in sheath cells resembles the proposed role for the C.Table 2). For instance, the debris contains membrane-
bounded yolk particles (Fig. 8B). Ordinarily, yolk particles elegans MyoD homolog (Krause et al., 1990), hlh-1, in
body wall muscle cells (Chen et al., 1992, 1994). hlh-1 isare not membrane bounded until they are endocytosed into
oocytes (D.H., V.W., L.H., K.R., and D.G., manuscript in not required for the generation of body wall muscle cells
or their expression of muscle markers. Rather, hlh-1 ap-preparation). In addition, we have observed the cellular de-
bris to contain an oocyte nucleus and mitochondria (data pears to regulate important aspects of body muscle cell
organization, including sarcomeric assembly, or cellnot shown). Recent work suggests that in adult hermaphro-
dites, some germ cells undergo apoptosis in the loop region shape and position (Chen et al., 1992, 1994). Other myo-
genic factors may function coordinately with hlh-1 inand that the cell corpses are engulfed by sheath cells (T. L.
Gumienny, E. J. Lambie, and M. O. Hengartner, pers. body wall muscle fate speci®cation, as has been found to
be the case in vertebrates. For example, mice that arecomm.). An excess of germ cell apoptosis or an engulfment
defect could in principle contribute to the debris observed doubly mutant for MyoD and the related basic helix±
loop±helix myogenic factor, myf-5, lack myoblasts andin ceh-18(mg57) mutant gonads. We tested this possibility
using acridine orange staining and found that germ cell skeletal muscles, whereas both single mutants do not
(Rudnicki et al., 1992, 1993; Braun et al., 1992). Otherapoptosis and engulfment occur normally in ceh-18(mg57).
However, it is possible that some of the cellular debris ob- mutations that disrupt sheath cell function are expected
to confer an Emo mutant phenotype and thus could de®neserved in the germline by electron microscopy is generated
by sheath cell or oocyte transport defects. genes that function in parallel with, or downstream of,
ceh-18.In contrast to these ultrastructural defects, the contractile
elements in ceh-18 mutant sheath cells appeared normal Anatomical studies indicate that sheath cells lack in-
nervation (White et al., 1986; D. Hall, unpublished data)(Figs. 8C and 8D). Both wild-type and mutant sheath cells
contained highly ordered arrays of thick and thin ®laments. and may represent a form of invertebrate smooth muscle
(Strome, 1986). The POU-domain family of transcriptionThe cross-sectional diameters of the thick (18 { 2 nm) and
thin ®laments (6 { 1 nm) were similar in the wild type factors regulates key developmental processes including the
terminal differentiation of specialized cell types (Ryan andand mutant. These results suggest that ceh-18 affects some
aspects of sheath differentiation (e.g., cell shape and posi- Rosenfeld, 1997). POU domain proteins can be grouped into
six classes with multiple vertebrate and invertebrate mem-tion) but not others (e.g., contractile element structure).
bers identi®ed for each class (Ryan and Rosenfel, 1997). ceh-
18 may de®ne a novel class of POU-domain proteins in that
vertebrate orthologs are not represented in current data-
DISCUSSION bases (Greenstein et al., 1994; Ryan and Rosenfeld, 1997).
Therefore it is currently unclear whether the developmental
role we have established for ceh-18 in regulating the differ-ceh-18 Affects Sheath Cell Differentiation and
entiation and function of specialized smooth muscle-likeFunction
cells in C. elegans will be more widespread.
Based on phenotypic analyses of ceh-18 mutants re-
ported here, we propose that ceh-18 plays an important
Endomitotic Oocytes Result from Defects inrole in directing the differentiation and function of sheath
Meiotic Maturation and Ovulationcells. Clearly, ceh-18 is not the sole factor controlling
sheath cell fate speci®cation because these cells are gen- Our observations indicate that the Emo phenotype in ceh-
18 mutants arises when oocytes, or oocyte fragments con-erated, express contractile proteins, and are able to func-
tion in ceh-18 mutants, although not as well as the wild taining the nucleus, are retained in the gonad arm subsequent
to meiotic maturation. These defective oocytes are retained intype. However, the shape and arrangement of the ceh-18
mutant sheath cells are abnormal and they only loosely the gonad arm because ovulation fails or breaks the oocyte in
two or because ectopic meiotic maturation occurs in disorga-cover oocytes. Although the underlying cause of this gen-
eralized disorganization is unclear, it could re¯ect a de- nized gonad arms. Previously, the Emo phenotype in ceh-18
mutants was interpreted as a defect in the ability of oocytesfect in specialized cytoskeletal elements required to gen-
erate thin contractile cells, but other possibilities, includ- to maintain arrest in the diakinesis stage of meiotic prophase
I (Greenstein et al., 1994). Time-lapse video Nomarski micros-ing metabolic defects, are equally consistent with our
data. Based on these results we consider two alternative copy enabled us to discount this hypothesis by directly observ-
ing the origin of the Emo phenotype. The view that the Emomodels for ceh-18 function: (1) ceh-18 controls sheath
differentiation, and sheath cell dysfunction is a conse- phenotype in ceh-18 mutants arises indirectly from defects in
meiotic maturation and ovulation ®ts well with results of laserquence of this developmental defect, or (2) ceh-18 controls
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ablation of sheath cells and sheath cell precursors (McCarter
et al., 1997). In these experiments, ablation of one sheath pre-
cursor cell, proximal sheath cells, or distal spermathecal cells
was shown to cause defective ovulation which resulted in the
Emo phenotype. Similarly, the mup-2-encoded C. elegans tro-
ponin T homologue, CeTnT-1, is required for proximal sheath
contractile activity and ovulation (Myers et al., 1996).
Defective Ovulation Can Perturb Embryogenesis
Direct observation indicates that several oocyte and embry-
onic defects arise as a secondary consequence of abnormal
sheath function. These results provide some useful insights
into the mechanisms controlling meiotic maturation, ovula-
tion, and early embryogenesis. Defective ovulation in ceh-18
mutants can result in embryonic defects. These defects can
be catastrophic (haploid embryo formation) or subtle (polarity
reversal). Haploid embryos were observed to form upon fertil-
ization of an anucleate oocyte fragment generated from a defec-
tive ovulation event. The extent of embryonic development
of haploid embryos correlated with the size of the anucleate
fragment fertilized. Larger haploid embryos completed the
early cleavages normally, but were unable to undergo morpho-
genesis. Our observations suggest that fertilization, pseudo-
cleavage, sperm pronuclear migration, and determination of
A/P polarity do not require the presence of the female pronu-
cleus in the egg. Recently, Irle and Schierenberg observed the
formation of haploid embryos upon fertilization of anucleate
oocyte fragments generated as a by-product of laser-induced
oocyte fusion and reached a similar conclusion (E. Schierenb-
erg, pers. comm.). Previously, Schierenberg and Wood (1985)
observed the early development of haploid embryos formed by
extruding the female pronucleus from the fertilized egg with
a laserÐearly cleavages were normal, but embryogenesis ar-
rested prior to morphogenesis. These results are consistent
with the view that the pattern of early cleavages depends on
FIG. 6. Ectopic meiotic maturation in ceh-18 mutants. (A±D) Im-
ages from time-lapse Nomarski video microscopic observations
showing oocyte maturation out of the normal spatial and temporal
sequence in a misshapen ceh-18(mg57) mutant gonad. (A) Two
oocyte nuclei are in the plane of focus and the edge of each nuclear
envelope is indicated by arrows. A second row of oocytes is out of
the plane of focus. (B) The distal oocyte (located at the left) matures
out of sequence, followed by the most proximal oocyte (located at
the right) (C). (D) Ovulation fails and the proximal arm is further
distorted. Note the edge of the gonad (indicated by an arrowhead)
extends dorsally to the body wall. (E) DAPI staining of the recorded
animal. Endomitotic oocytes are indicated by arrows. Note that
the distal endomitotic oocyte is more highly polyploid than the
proximal endomitotic oocyte since it stains more intensely with
DAPI. An intestinal cell nucleus (labeled int) is indicated for com-
parison; intestinal nuclei have a 32C DNA content in the adult
(Hedgecock and White, 1985). Real time is indicated in the lower
right corner. Since ovulation was never completed properly, the
zero time point has been set as the beginning of the recorded series.
The scale bar is 10 mm.
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FIG. 7. Sheath cell disorganization in ceh-18 mutants. Immuno¯uorescence staining of dissected gonads with monoclonal antibodies
against MHCA and MHCB. MHCA expression was detected by rhodamine staining (red) [AÐthe wild type, BÐceh-18(mg57)] and
MHCB expression was detected by FITC staining (green) in the same dissected gonadal preparations [DÐthe wild type, EÐceh-
18(mg57)]. DNA was detected using DAPI staining and a slightly lower plane of focus [GÐthe wild type, HÐceh-18(mg57)]. Note
that the sheath cells in ceh-18(mg57) are irregularly shaped and asymmetrically arranged. The relative distribution of MHCA and
MHCB in sheath-cell thick ®laments was determined by double-exposing the ®lm with rhodamine and FITC ¯uorescence and
enlarging the image, focusing on the region where sheath cell pair 4 meet sheath cell pair 3 [JÐthe wild type, KÐceh-18(mg57)].
Note that MHCA is concentrated in the center of the myosin ®lament array. The gaps between the myosin staining of adjacent
sheath cells are poorly de®ned for ceh-18(mg57) and myosin staining extends into these border regions. MHCA expression was
detected using an FITC-conjugated secondary antibody in unc-54(e190) (C) and in an unc-54(e190); ceh-18(mg57) double mutant (I).
DAPI images through a lower plane of focus are also shown [FÐunc-54(e190), LÐunc-54(e190); ceh-18(mg57). Note that in the
absence of MHCB, MHCA has a broader distribution (compare C and I with A and B). Proximal sheath cells are numbered and oocytes
(o) and sperm (s) are indicated. The arrow in (I) points to a bare region in the proximal arm of unc-54(e190); ceh-18(mg57). An
endomitotic oocyte is indicated by an arrowhead in (L). The scale bar for (A±I and L) is shown in (L) and corresponds to 10 mm. The
scale bar for (K and J) is shown in (J) and corresponds to 2 mm.
cytoplasmic events and that it is the position of sperm entry a visible nucleolus, but with an intact nuclear envelope, re-
main for extended periods in the gonad. Laser ablation ofthat speci®es the A/P axis (Goldstein and Hird, 1996; Guo and
sheath cells and sheath cell precursors results in delays inKemphues, 1996).
meiotic maturation, raising the possibility that oocyte matu-
ration is promoted by these cells (McCarter et al., 1997). Stud-Do Sheath Cells Promote Meiotic Maturation? ies from a number of organisms have implicated diverse extra-
We found that ceh-18 mutants exhibit delays in meiotic cellular signals in regulating meiotic maturation; for instance,
meiotic maturation of star®sh oocytes is induced by 1-methyl-maturation: oocytes in a late stage of development, without
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adenine (Kanatani et al., 1969), and gap junctional communi- Coupling between Meiotic Maturation and
Ovulation May Be Essential for Fertilizationcation with follicle cells (Anderson and Albertini, 1976) is
thought to negatively regulate meiotic maturation of mamma-
Meiotic maturation coincides with ovulatory sheath celllian oocytes (for review see Wickramasinghe and Albertini,
contractions, resulting in fertilization occurring approxi-1993). Sheath cells are in close contact with oocytes and may
mately 5±6 min after the onset of nuclear envelope break-directly or indirectly in¯uence the rate at which oocytes ma-
down. Our observations of meiotic maturation and ovulationture. Transmission electron microscopic analysis of gonadal
in ceh-18 mutants suggest that coupling between these twosections has revealed the presence of both sheath/sheath and
processes is essential to produce a diploid zygote capable ofsheath/oocyte gap junctions (D.H., K.R., V.W., L.H., and D.G.,
completing embryogenesis. Oocytes that mature, but are notmanuscript in preparation). Communication through these
ovulated on schedule, become endomitotic in the gonad arm.junctions may modulate or coordinate oocyte maturation and
If these endomitotic oocytes are ovulated at a later time, theysheath motility. Our electron microscopic analysis suggests
never undergo embryogenesis and appear to be incapable ofthat ceh-18 mutations disrupt gap-junctional communication
being fertilized. Similarly, oocytes ovulated without undergo-between sheath cells and oocytes indirectly by altering their
ing maturation never produce zygotes. Currently, the molecu-relative positions.
lar mechanisms that couple meiotic maturation and ovulation
are unclear, but may involve an active role for the oocyte. A
How Is Meiotic Maturation Spatially Restricted? recessive sterile mutation in the emo-1 gene, emo-1(oz1), re-
sults in defective ovulation, frequently causing mature oo-In wild-type animals, meiotic maturation is spatially re-
cytes to be retained in the gonad, producing the Emo pheno-stricted such that the oocyte in the most proximal position
type (Iwasaki et al., 1996). emo-1 encodes a C. elegans Sec61palways matures ®rst. The sheath cells appear to play a role in
g homologue, is required in the oocyte, and may function inmaintaining both the correct spatial arrangement of oocytes
the transport of secreted and membrane-bound proteins inin the proximal arm and the order of maturation. In ceh-18
oocytes (Iwasaki et al., 1996). Signaling between oocytes,mutants, sheath cells are not closely apposed to oocytes, and
sheath cells, and spermathecal cells may be important foroocytes can fail to be con®ned to a single row in the proximal
coordinating the respective cellular changes and activitiesarm. Under these conditions, ectopic meiotic maturation may
needed for ovulation. Our results suggest that ceh-18 is a cru-occur in ceh-18 mutants, in which a more distally located
cial determinant of sheath cell differentiation, a function re-oocyte matures before the most proximal one. In these cases,
quired for normal meiotic maturation and ovulation.the maturation of a distally located oocyte is usually followed
shortly by maturation of the most proximal oocyte. This ob-
servation leads us to speculate that, in these cases, the distally
located oocyte inappropriately receives a maturation signal
ACKNOWLEDGMENTSthat is ordinarily reserved for the most proximal oocyte. Alter-
natively, it is possible that there are negative signals that
prevent distally located oocytes from maturing. In any event, We thank Jim McCarter and Tim Schedl for helpful discussions,
the molecular mechanisms that ensure the correct spatial or- for sharing their video recording protocol, and for comments on
der of meiotic maturation become disrupted in disorganized the manuscript. We thank Guy Benian for generously providing
antibodies to UNC-89, Peg McMorris for sending antibodies to yolkgonads in ceh-18 mutants. When oocytes mature out of order,
proteins, David Miller for his gift of anti-MHC A (5.6) and FITC-immature oocytes can be ovulated, but cannot support any
labeled anti-MHCB (5.8), and Theresa Stiernagle for sending strains.aspect of embryonic development. Distally maturing oocytes
The authors are grateful to David Miller and Brigid Hogan for help-fail to be ovulated and become endomitotic. One possibility
ful comments, advice, and encouragement. Some strains used inis that the sheath cells play a passive role in the orderly matu-
this study were provided by the Caenorhabditis Genetics Center,ration of oocytes, by maintaining the structure of the proximal
which is supported by the National Institutes of Health's National
gonad arm. A more active role for the sheath cells in spatially Center for Research Resources. This work was supported by grants
restricting maturation to the most proximal oocyte is not to D.G. from the American Cancer Society (DB-149 and JFRA-630),
ruled out by our data. However, we never observed ectopic the Markey Charitable Trust, and the Joe C. Davis Foundation.
maturation in situations where oocytes were con®ned to a Core facilities for electron microscopy were provided through NIH
Center Grant HD05797.single row.
FIG. 8. Electron microscopy. Low-power transmission micrographs of wild-type (A) and ceh-18(mg57) (B) dissected gonads. The border between
the sheath cells (sh) and oocytes (O) is indicated by arrowheads in (A). Note that sheath cells and oocytes are more closely apposed in the wild
type and that in ceh-18(mg57) the dilated space (asterisk) contains cytoplasmic debris from oocytes. Differences in the appearance of the oocyte
cytoplasm between (A) and (B) are likely to re¯ect the more proximal location of the oocyte in the ceh-18(mg57) gonad as well as uncharacterized
physiological differences. Cross-sectional pro®les of sheath cell thick (arrows) and thin ®laments in the wild type (C) and ceh-18(mg57) (D).
Sheath contractile elements appear to be structurally normal in ceh-18 mutants. Arrowheads in (C) and an asterisk in (D) identify the space
between sheath cells and oocytes. Scale markers correspond to 5.0 mm (A, B) and 0.5 mm (C, D).
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